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Off Gene Expression at the Source
Affects Developmental DynamicsDevelopmental networks feature genes interlinked by transcriptional activation
and repression. A new study indicates that repressors can ‘shut the door’ to
newly initiating polymerases, allowing longer target genes to produce latent
transcripts after shorter genes have been effectively silenced.David N. Arnosti‘‘Great is the art of beginning, but
greater is the art of ending’’
Elegiac Verse, H.W. Longfellow
Developmental biology provides
insights into physiological processes in
their true complexity, and no field has
benefited more from developmental
studies than that of gene regulation.
As cells and tissues differentiate, the
central process of transcriptional
regulation orchestrates the proper
activation — and repression — of
genes in complex spatial and temporal
patterns. Decades of molecular biology
research have brought about an
understanding that promoters of genes
are not mere on/off light switches.
Rather, depending on the protein
complexes and chromatin
modifications involved, genes can be
activated smoothly or erratically, at
higher or lower levels, in deterministic
or stochastic fashions.
This diversity has led researchers to
ask whether the specific features of
promoter action are of evolutionarysignificance, or merely represent a
sampling of roughly equivalent
solutions to the problem of getting
genes expressed. Two settings in
which specific characteristics of
promoter regulation have been linked
to the biological function are the rapid
induction of animal immune response
genes by scaffolded ‘enhanceosomes’
consisting of cooperatively bound
activators, and the stochastic
activation of promoters required for
bacterial competence, which involves
only a portion of the population of cells
[1,2]. In each of these cases, the
induction of promoters in certain
fashions have been suggested to
provide a superior result.
Less well studied is the significance
of the diversity of gene inactivation
mechanisms, however. Recent studies
have underscored the complexity of
chromatin transactions that can be
involved in different modes of gene
repression; for instance, repressors
binding to a promoter can block
activators without displacing them,
locally or globally induce deacetylation,
or cause RNA polymerase to ‘jam’ atthe promoter [3–5]. Do the distinct
types of repression correlate with
particular requirements for
developmental gene regulation?
In a recent issue of Current Biology,
Bothma et al. [6] report the use of
high-resolution nuclear imaging of
nascent transcripts to record the
activation and repression of genes
expressed in the presumptive
mesoderm and neuroectoderm of the
embryonic fruit fly. The sog gene is
a target of the Dorsal and Twist
transcriptional activators, which are
present in a ventral-to-dorsal activity
gradient. Rather than simply
reproducing the expression of these
activators, an incoherent feed-forward
loop causes the initial burst of
mesodermal expression of sog to be
extinguished as levels of the Snail
transcription repressor rise in
mesodermal regions. Importantly,
the authors note that intronic probes
to the large (22 kb) sog transcript
show distinct patterns of expression.
As expected, nascent transcripts
containing the 50 intron are first
detected, as polymerases begin to
move across the body of the gene
with the start of transcription. After
10 minutes, probes corresponding
to both 50 and 30 portions of the
transcript are detected, indicating
that polymerases are positioned
across the length of the gene,
consistent with previous chromatin
immunoprecipitation results that
detect the enzyme throughout the
body of genes during transcription.
The rapid rise in Snail protein levels
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opportunity to monitor the dynamics
of transcriptional repression in this
system. The 50 probes abruptly
disappear, indicating that the
corresponding 50 introns have been
spliced out and no more have been
produced, leaving only the 30 probes
that represent partially spliced
mRNAs bearing the 30-most intron.
Finally, all nascent transcripts
disappear and repression is complete.
The conclusion from these
observations is that repression
correlates with a cessation of
transcriptional initiation/release, rather
than a global block to elongation.
There are two important implications
of these findings; first, the mechanism
of repression in this case suggests that
Snail, which recruits the conserved
CtBP corepressor [7], is unable to
interfere with RNA polymerases once
they have initiated but may block
communication between activators
and the core transcription machinery
at the basal promoter, or target the core
machinery itself. As indicated above,
this is distinct from the elongation
defects noted for Runt and Knirps,
repressors that are active in the same
blastoderm milieu as Snail [3,4].
Targets of these repressors have
been observed to exhibit stalled
polymerases on the body of genes,
suggesting that the RNA polymerase
was caught and frozen in place
Pompeii-style, possibly because of
widespread chromatin modifications
that have long-range effects.
Second, this study underscores
the consequence of Snail’s
promoter-blocking function to the
dynamic function of gene regulatory
circuits controlled by this repressor.
Genes with large introns, such as sog,
exhibit a delayed reaction to the
induction of Snail, compared to shorter
target genes whose transcription time
is short. The authors calculate that
the presence of the 15 kb of intronic
sequences endows sog with the ability
to accumulate dozens of additional
RNA polymerases on the body of the
gene, which provide a significant extra
pulse of gene expression after shorter
co-regulated genes are effectively
damped down. Thus, intron size
differentiates the genes of the Snail
regulon into slow and fast responders.
In the context of dynamic changes of
the Drosophila embryo, the difference
in gene expression can be significant,
and one would predict that this form ofregulation would provide another basis
for evolutionary selection of intron size,
a feature that has previously been
considered with regards to splicing
but not dynamics of gene expression
[8]. Clearly, as gene regulatory
network analysis moves from the
descriptive to the quantitative realm,
the accurate assessment of the
dynamics of gene silencing will play
an important role.
The findings of Bothma et al. [6]
prompt speculation about the
physiological significance of the
kinetics of gene repression mediated
by intron size. Previous studies
demonstrated that during the rapid
cycles of DNA replication in the
early Drosophila embryo, large introns
can prevent transcription complexes
from completing their journey across
a gene before being knocked off
by a replication fork [9]. The
replication-restricted transcription is a
gross effect that only plays a major role
during a short window of development
in the fly, but the effects shown here
would provide a continuous spectrum
of gene dosage regardless of
replication timing. Intron size
may be selected to control the extent
of post-repression ‘bleed through’
transcription, and this feature may
become apparent in comparative
genomic studies. Acquisition of novel
transcriptional initiation sites far from
the body of the gene would also
provide a pathway by which alternative
polymerase transit times, and
repressor sensitivities, might be
sampled on an evolutionary scale.
Other factors are likely to affect intron
size, such as splicing specificity,
alternative exons, polyadenylation
sites, or the presence of transcriptional
regulatory sequences [8,10,11]. It will
thus be important to directly test
whether genetic networks with altered
transcriptional shut-off times due to
altered gene sizes have unique
properties.
Further genome-wide studies
with Snail and related transcriptional
repressors will provide valuable
information to test whether the
promoter-blocking activity of Snail is
typical of other repressors, and
whether there is a connection between
constraints on gene size and
repression mechanism. Recent studies
have highlighted the diversity of effects
involved in transcriptional repression,
and this study suggests one means by
which regulatory systems exploit suchdiversity. The authors point out that
a lag in repression may be especially
pronounced for large transcription
units such as the HOX genes; it is
perhaps significant that Polycomb
complexes are involved in repression
of these genes, as the extensive
chromatin remodeling and compaction
may regulate post-initiation RNA
polymerases.
Bothma et al. [6] provide a nice
example of how mechanistic insights
into developmental processes can
provide clues to system-wide
properties in biology. The gene
dynamics implications of this study
should provide ample food for thought
as systems biology studies seek to
quantitatively capture the activities of
transcriptional networks underlying
metazoan development.
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